We study a tight binding model including both on site disorder and coupling of the electrons to randomly oriented magnetic moments. The transport properties are calculated via the Kubo-Greenwood scheme, using the exact eigenstates of the disordered system and large system size extrapolation of the low frequency optical conductivity. We first benchmark our method in the model with only structural disorder and then use it to map out the transport regimes and metal-insulator transitions in problems involving (i) scattering from random magnetic moments, and (ii) the combined effect of structural disorder and magnetic scattering. We completely map out the dependence of the d.c conductivity on electron density (n) the structural disorder (∆) and the magnetic coupling (J ), and locate the insulator-metal phase boundary in the space of n − ∆ − J . These results serve as a reference for understanding transport in systems ranging from magnetic semiconductors to double exchange 'colossal magnetoresistance' systems. A brief version of this study appears in our earlier paper Europhys. Lett. 65, 75 (2004).
Introduction
The most commonly studied case of localisation pertains to non interacting electrons in the background of structural disorder. There is a large body of work [1] [2] [3] [4] , analytical and numerical, as well as experimental studies, that have focused on this problem. The principal qualitative result of these investigations is that in one and two dimensions all electronic eigenstates are localised for arbitrarily weak disorder, while in three dimension we need a critical disorder for complete localisation. In three dimension, at a given disorder, all states beyond an energy c of the band center are localised and the system is metallic or insulating depending on whether the Fermi level, F , lies in the region of extended states or localised states. The 'mobility edge', c , collapses to the band center as the disorder is increased, driving the Anderson metal-insulator transition (MIT).
The presence of magnetic moments in a metal brings in several new effects, depending on the strength of electronspin coupling (J ), the concentration of moments (n mag ), the extent of disorder, and the 'character' (small or large S) of the moment. a e-mail: pinaki@mri.ernet.in In the 'quantum limit', 2S ∼ 1, and for antiferromagnetic coupling, the basic physics is contained in the Kondo effect. For n mag 1, the magnetic moments act as 'Kondo impurities' whose effects [5] are now well understood. For n mag ∼ 1, i.e., the concentrated Kondo limit, there can be various phases depending on electron-spin coupling and disorder. The ground state could be a non magnetic 'heavy Fermi liquid ' [6] , or a spin glass [7], or a magnetically ordered state [8] . The physics of these Kondo lattice, with quantum spins, is a vast area of research. In this paper, however, we will avoid the issues of heavy fermion physics and focus instead on electron-spin systems involving "large S", i.e., effectively 'classical' moments.
For classical moments also, the effects vary depending on n mag , electron density, J , and the extent of disorder. A wide variety of magnetic systems [9-17] are described, to a first approximation, by electrons locally coupled to d or f moments, with 2S 1, and moving in a structurally disordered background. The magnetic ground state could be ferromagnetic, or a more complicated ordered state, or a spin glass. Transport often involves insulator-metal transitions and colossal magnetoresistance. The simplest Hamiltonian capturing these effects is:
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The t are nearest neighbour hopping on a simple cubic lattice. The random on site potential, i , is uniformly distributed between ±∆/2. The sites R ν are a subset of the cubic lattice sites, R i , and correspond to the magnetic 'dopant' locations. Even with this simple model there are four dimensionless parameters in the problem. These are disorder ∆/t, magnetic coupling J S/t, electron density n (controlled by µ), and the 'density' of moments n mag . We will eventually study the n mag = 1 case, but retain a more general structure right now. We absorb S in our magnetic coupling J , assuming |S i | = 1. Real materials have band degeneracy and additional interactions but the basic physics of several currently interesting materials arise as limiting cases of the model above. (i) The II-VI diluted magnetic semiconductor [9-11] (DMS) Ga 1−x Mn x As, exhibiting high ferromagnetic T c , correspond to n mag 1, J /t ∼ 1, weak disorder, and low electron density, n < n mag . (ii) The Eu based magnetic semiconductors [12, 13] , EuB 6 etc., involve n mag = 1, since every Eu atom has a moment, J /t 1, low carrier density, and possibly weak disorder. (iii) The 'colossal magnetoresistance' (CMR) manganites [14] , specifically La 1−x Sr x MnO 3 , involve n mag = 1, J /t 1, high electron density, and moderate 'effective disorder'. To describe the more strongly resistive manganites, the Ca doped systems, say, one requires additional electron-phonon interactions. (iv) The amorphous magnetic semiconductor [15, 16] , a-Gd x Si 1−x , corresponds to J /t 1, ∆/t 1, and n mag ∼ n ∼ O(0.1). Finally, (v) the traditional metallic f electron magnets [17] , correspond to n mag = 1, and moderate to strong J .
The focus in the materials above is often on magnetism rather than localisation effects. However, many of them have rather large resistivity in the paramagnetic phase, and a-GdSi, for example, shows a metal-insulator transition at T = 0 itself, on lowering carrier density. Since there is no direct spin-spin interaction in these systems, the local electron-spin coupling controls both the magnetic properties and the character of the electronic state.
The intimate coupling between charge transport, localisation effects, and magnetism in these systems suggest that we need to look beyond the traditional boundaries separating 'magnetism' from transport and localisation studies. A complete study of electronic resistivity as a function of temperature, for any of the materials above, requires a solution of the magnetic problem first. Since the moments are assumed to be classical, the electrons can be imagined to move in a static background comprising the (quenched) structural disorder and annealed spin disorder. Evaluating the distribution of the annealed disorder is a non trivial problem, particularly in the strong coupling (large J ) context that is experimentally relevant. We will touch upon this in the next section, but this paper is concerned with transport and localisation effects in the fully spin disordered phase. In this limit, we will present a comprehensive discussion of the resistivity arising from the interplay of structural disorder and 'paramagnetic' scattering, and map out the metal-insulator phase diagram in terms of electron density, disorder and magnetic coupling.
There have been some studies of electronic transport in the background of random spins and structural disorder, acting independently or together. Among these, the Anderson localisation problem itself has been extensively studied, via perturbation theory [18], self-consistent schemes [19] , numerical techniques [20] , and mapping to a field theory [21] . Most of the qualitative issues in this context are essentially settled. Weak magnetic scattering in a structurally disordered system has been studied [22, 23] in the early days of weak localisation (WL) theory to clarify the 'dephasing' effect of electron spin flip on quantum interference. In the opposite limit of strong coupling, corresponding to double exchange, localisation effects have been studied [24] considering both magnetic and structural disorder.
These efforts still leave a large and interesting part of ∆ − J space unexplored. To give a few examples, there is no discussion of the following: (i) the resistivity from purely magnetic scattering, as J rises through the perturbative regime to double exchange: this is the classic problem of paramagnetic scattering in 'clean' magnets, studied earlier at weak coupling [25, 26] . (ii) the effect of spin disorder on the Anderson transition, i.e., how the 'antilocalising' effect of spin flip scattering, at weak disorder, evolves into an insulator-metal transition (IMT). This is an instance of Anderson transition with broken time reversal symmetry, and (iii) the wide 'middle', where the effect of neither ∆ nor J is perturbative and their contribution to the resistivity is not additive (i.e., violates Mathiessens rule). This is the regime relevant to DMS, CMR materials, and amorphous magnetic semiconductors.
The next section describes the transport calculation in detail. Following that we present results on transport, successively, in the structural disorder problem, the magnetic disorder problem, and the simultaneous effect of both. This paper follows up on our earlier short paper [27] .
Computational scheme
Although we will work with random uncorrelated spins, viewing the magnetic disorder as quenched, let us highlight how the 'true' spin distribution can be evaluated, and the limit where the background can be considered random. Following that we describe our transport calculation method.
The spin distribution
The 'structural' variables i are quenched, and have a specified distribution, but the spin orientations S i are not known a priori. The system chooses a spin configuration, at T = 0, to optimise the total energy. To calculate
